ABSTRACT: Many landforms on Earth are profoundly influenced by biota. In particular, biota play a significant role in creating karst biogeomorphology, through biogenic CO 2 accelerating calcite weathering. In this study, we explore the ecohydrologic feedback mechanisms that have created isolated depressional wetlands on exposed limestone bedrock in South Florida -Big Cypress National Preserve -as a case study for karst biogeomorphic processes giving rise to regularly patterned landscapes. Specifically, we are interested in: (1) whether cypress depressions on the landscape have reached (or will reach) equilibrium size; (2) if so, what feedback mechanisms stabilize the size of depressions; and (3) what distal interactions among depressions give rise to the even distribution of depressions in the landscape. We hypothesize three feedback mechanisms controlling the evolution of depressions and build a numerical model to evaluate the relative importance of each mechanism. We show that a soil cover feedback (i.e. a smaller fraction of CO 2 reaches the bedrock surface for weathering as soil cover thickens) is the major feedback stabilizing depressions, followed by a biomass feedback (i.e. inhibited biomass growth with deepening standing water and extended inundation period as depressions expand in volume). Strong local positive feedback between the volume of depressions and rate of volume expansion and distal negative feedback between depressions competing for water likely lead to the regular patterning at the landscape scale. The individual depressions, however, are not yet in steady state but would be in~0.2-0.4 million years. This represents the first study to demonstrate the decoupling of landscape-scale self-organization and the self-organization of its constituent agents.
Introduction
Biota and geomorphology interact to affect landscape form and evolution (Dietrich and Perron, 2006; Murray et al., 2008) . Vegetation controls or mediates weathering (Berner, 1992; Egli et al., 2008) , erosion (Toy et al., 2002) , and sediment transport (Istanbulluoglu and Bras, 2005; Corenblit et al., 2009) , and such influences are manifested in landscape morphology (Larsen and Harvey, 2010) and in the physical and ecological stability of ecosystems (Heffernan, 2008; Kirwan and Guntenspergen, 2010) . Landforms in turn affect biota, and reflect the integrated influence of geology, climate, and time, as well as biota. While some landforms are created independent of significant direct biological influences, most landscapes on Earth are affected to various degrees directly by the biosphere, forming biogeomorphic landscapes (Stallins, 2006) . Topography in such landscapes is closely and directly linked to biotic activity (Corenblit et al., 2009) , and the landforms are sometimes considered 'extended phenotypes' of biota (Phillips, 2016a) .
Karst landscapes are a typical example of landforms resulting from reciprocal biotic-abiotic interactions (Phillips, 2016b) . Slow dissolution of calcite can occur in water with CO 2 from the atmosphere being the only source of acidity. Biogenic CO 2 can accelerate chemical weathering by up to~20 times . Regardless of the source of acidity and the rate of weathering, cavities enlarge and coalesce and become hydraulically interconnected, forming sinkholes, conduits, and other preferential flowpaths that further entrain flow, creating a runaway positive feedback that expands features as long as drainage from weathering sites is relatively unrestricted (Sauro, 2012) . This fundamental karstification feedback is reflected in the high connectivity and fractal shape of many subsurface karst features, whose sizes often follow power-law distributions (Maramathas and Boudouvis, 2006) . However, many other karst features, including macro-and microtopographic features, exhibit distinct topographic modes that are often arranged periodically or regularly in space. The presence of these distinct elevation modes and their distribution in space suggest the action of inhibitory feedbacks, locally and at a distance (Strudley et al., 2006; Cohen et al., 2011) . Understanding the evolution of karst landscapes therefore requires that we consider additional feedback dynamics whose interactions are more complex than the well understood positive feedbacks between weathering rate and hydrologic conductivity.
The restriction of vertical drainage by low relief, subsurface aquicludes, or regional hydrologic base level is one potential constraint that would limit indefinite expansion of karst landforms. In landscapes where vertical drainage is restricted, wetland plants often exploit depressions to form geographically isolated wetlands (Homoya and Hedge, 1982; Tihansky, 1999) . Such depressions could continue to expand if surface flow or other hydrologic connection allows for continued export of dissolved calcite; however, if increased storage in the depression restricts the frequency and magnitude of surface water export, expansion would cease (Cohen et al., 2011) . Thus, when weathering products are primarily lost by surface drainage, increased storage and reduced runoff due to volume expansion is one potential negative feedback on depression growth. Differential evapotranspiration (ET) between depressions and their surroundings (higher ET in depressions) could exacerbate or even create this feedback (Eppinga et al., 2009) if hydrologic losses from the depression are intensified and could also restrict depression growth by inducing inflow of minerals derived from upland weathering.
The accumulation of soil over limestone bedrock significantly alters the evolution of landscape topography. Accumulation of soil affects the residence time and flow of water in the soil, each of which have an important impact on chemical weathering. The rates of bedrock weathering are very slow in thick soils or in very thin soils, with maximum weathering at intermediate soil thickness (D'Odorico, 2000; Dong et al., 2018) . Such a hump-shaped relationship is shown in many studies to generate bistable geomorphic features (D'Odorico, 2000; Strudley et al., 2006; Heffernan et al., 2013) . Another potential stabilizing feedback is the sensitivity of vegetation to hydrologic conditions. Plants that fuel dissolution require environmental conditions whose exceedance may cause mortality and reduce CO 2 production in soils, thereby reducing rates of weathering. Both soil thickness and plant hydrologic tolerances create potential negative feedbacks by reducing acidity available for weathering.
The expansion of depressions has the potential to influence weathering rates in adjacent areas through changes in hydrology, i.e. distal feedbacks. Scale-dependent feedbacks (SDF) -that is, local positive and distal negative feedbacks -are shown in landscapes around the world to generate strikingly regular patterns (Rietkerk and van de Koppel, 2008; Tarnita et al., 2017) . To generate regular rather than fractal spatial pattern, these feedbacks must operate at a distance, but not globally (i.e. they must have a particular length scale rather than a diffuse influence on all surroundings; Reitkerk and van de Koppel, 2008; Acharya et al., 2015) . While SDF-based models have been hugely successful in reproducing spatial arrangement of elements, the attributes of individual elements making up the spatial pattern are seldom taken into consideration. In a rare recent example, Tarnita et al. (2017) coupled colony behaviors of termites with SDF to reproduce both the characteristics of individual elements and the spatial arrangement of elements as a whole across the landscape, i.e. multiple simultaneous selforganizational processes. In general, however, it remains unclear whether the establishment of regular pattern implies or requires that individual patches (or landscape elements) are at equilibrium (defined in this study as the volume of depressions asymptotically approaching a steady state value) in terms of size.
In this paper, we explore the ecohydrologic feedbacks that have created isolated depressional wetlands on exposed limestone bedrock in South Florida -Big Cypress National Preserve -as a case study for karst biogeomorphic processes giving rise to regularly patterned landscapes. Big Cypress is located on a flat landscape, and features overdispersed (evenly spaced) limestone depressions (Watts et al., 2014) , made visually striking by the associated 'cypress domes' (cypress trees growing in a depression are taller nearer the center, forming a dome shape in the vegetation heights; Figure 1(D) ). These depressions average 80-100 m in diameter, have bedrock elevations 1.5-2 m lower than the upland land surface, and cover 25% of the landscape. Depressions have hydroperiods of 300-350 days, and the surrounding matrix of pine and wet prairie upland mosaics (Figure 1 ; Watts et al., 2014) are also inundated for~50-150 days during most years. Recent studies have shown that weathering rates in Big Cypress are controlled by interactions between soil depth, climate, and biota , and have used calcium and phosphorus massbalance to evaluate theoretical estimates of depression age and weathering rate (Chamberlin et al., 2018) . Our objective for this study is to identify the mechanisms controlling the evolution of individual cypress depressions in Big Cypress and its relation with the patterned landscape as a whole.
A variety of positive feedbacks favor the differential weathering and expansion of domes relative to their surrounding uplands. Initial expansion of depressions increases hydrologic inflows by capturing additional runoff from surrounding uplands. This additional water input increases the potential for export of weathering products, reduces drought stress, and extends inundated periods that favor weathering by inhibiting CO 2 loss to the atmosphere . Moreover, the expansion of depressions coincides with soil development, which favors higher biomass and organic matter accumulation. Because these positive feedbacks are presented and evaluated elsewhere , we focus here on three hypotheses about local negative feedbacks that might constrain the weathering rate of large, established depressions:
• Hypothesis 1a. (Volume-export hypothesis of ET mechanism): increasing storage and evapotranspiration reduce surface and subsurface flow export, limiting depression expansion through reduced export of weathering products.
• Hypothesis 1b. (Mineral pump hypothesis of ET mechanism): differential evapotranspiration induces inflow of shallow groundwater carrying weathering products from the uplands, reducing net Ca 2+ export and limiting dome expansion.
• Hypothesis 2. (Soil cover hypothesis of soil thicknesstransport mechanism): Thicker soil cover reduces weathering by limiting transport of CO 2 from the shallow root zone to the bedrock surface and of weathering products from bedrock surface to surface water.
• Hypothesis 3. (Biomass hypothesis): Increasing water depths and hydroperiods inhibit tree growth and recruitment, reducing CO 2 supply for weathering.
An equilibrium landscape occurs when one or all of these mechanisms reduce the rate of weathering in depressions to be equal to that in the upland matrix. We additionally predict that local positive feedbacks that favor depression expansion lead to an inevitable distal negative feedback: less water in the upland matrix, including nascent neighboring depressions imbedded in the upland matrix. This inhibition of upland weathering, if operating over limited spatial scales, resulting in scale-dependent feedback, could contribute to the formation of regular patterning in the landscape (Rietkerk and van de Koppel, 2008) . In this paper, we build a numerical model to simulate the growth of individual cypress depressions and to evaluate the roles of the hypotheses described above.
Methods

Site description
Big Cypress National Preserve is located in southwest Florida, USA. It is a low relief landscape of~3000 km 2 in area with limestone bedrock exposed or near the land surface (Figure 1 ). Because the geologic formations under Big Cypress are slightly mounded in relation to the surrounding landscapes, Big Cypress is entirely rain-fed, with hydrology driven strongly by precipitation regime. Low relief (~5 cm km ) lead to prolonged periods of slowmoving sheet flow. In cypress depressions, the annual inundation period can last > 300 days, punctuated by periods with no surface water (Watts et al., 2012) .
Cypress trees (Taxodium distichum) form dome shapes with trees on the edge of the dome shorter and those in the center taller (Figure 1(D) ). Underneath cypress trees are wetland depressions created by chemical weathering of limestone bedrock. Currently, depressions are 30-50 m in radius and 1.5-2 m deep in the center. The area of wetland depressions occupies about 24% of the entire landscape. Bedrock in depressions is covered by a thick layer of sediment and fine soils (Figure 1(B) ) generated by regolith from insoluble weathering minerals and organic matter accumulation. The ratio of thickness of soil cover to bedrock depth is~0.6 (Watts et al., 2014) . CO 2 generated by biological respiration (root respiration and decomposition of organic matter) augments chemical weathering by~20 times . Cypress depressions are evenly spaced in an upland matrix consisting of pine trees (Pinus elliottii), marl prairie (dominated by Muhlenhergia capillaris), and cypress prairie (Taxodim distichum). Several lines of evidence support the inference that depressions started to develop in the early Holocene (Chamberlin et al., 2018; Dong et al., 2018) .
Hydrological processes
Our model simulates the expansion of an individual cypress depression in volume over time via chemical weathering of bedrock. Each cypress depression is associated with its hexagonal upland catchment (average number of nearest neighbor = 6; data not published), with its edge length of 100 m (i.e. radius of catchment). This value is chosen based on an average distance between the centers of two nearest cypress depressions of~200 m (Watts et al., 2014) .
We model weathering rates in both depressional areas and in the upland catchment as a function of soil depth, hydrologic conditions, and biotic activities, using rules derived from the vertical reaction-transport model of Dong et al. (2018) . This mechanistic model successfully predicts vertical distribution of dissolved Ca 2+ and CO 2 in inundated soils of Big Cypress, and generates estimates of depression age that closely align with empirical estimates based on both mass-balance estimates of weathering and radio-carbon dating (Chamberlin et al., 2018) . Weathering rate is sensitive to the hydrological state of soil cover on bedrock. The model includes five hydrological processes (at daily time scale) to describe the hydrological dynamics in cypress depressions and their associated upland catchments. These processes are: precipitation, surface flow drainage (v s ), evapotranspiration (ET), regional groundwater drainage (GW), and local subsurface exchange (v sub ; Figure 2 ). Wetland stage is described with the daily water balance equation:
where S soil is specific yield of soils in cypress depressions. 
where S b is the specific yield of limestone bedrock. The time step of changes in water ) is modeled as a Poisson process P (λ P , α) with exponentially distributed rainfall depths (mean = α) and frequency λ P (mean number of days between rainfall events = 1/λ P ). Rainfall frequency and depth were parameterized (λ P = 0.37 and α = 9.9 mm) with 2002-2017 precipitation data for South Florida (USGS Everglades Depth Estimation Network; https://sofia.usgs.gov/ eden/eve/index.php?rainfall=rainfall), yielding a mean annual precipitation of 1337 mm. We assume no significant change in annual precipitation (climate) over time.
Daily regional groundwater drainage (GW) is slow, and we prescribe a constant rate of 0.55 mm day -1 (i.e. 0.2 m yr -1 ) . The rate of local subsurface exchange (m 3 d -1 ) between upland matrix and the depression is determined by head gradients (dh) between upland water table and wetland stage, a flow length (dl) equal to the distance between upland centroid and wetland stage, saturated hydraulic conductivity (K sat ), and the cross-sectional area for exchange (A x ) (Figure 2) :
) is converted to the amount of water table drop in a day in the upland V sub_up and in the depression V sub_w (this is realized numerically, as the model tracks the temporal evolution of shape of the depression, a volume of v sub water can be translated to corresponding increase/decrease of water table in the upland and in the depression in the given time step).
We used Manning's equation to estimate the rate of surface sheet flow (v s ). Manning's equation, derived empirically for turbulent flow in unvegetated channels, accounts only for frictional resistance arising from drag exerted by the channel bottom. Water moving in wetland systems, such as Big Cypress, on the other hand, is characterized by laminar flow regimes, and frictional resistance arises predominantly from drag by emergent vegetation throughout the water column. We follow the formulation by Kadlec (1990) to describe rate of surface flow in vegetated environments (m d -1 ):
where S f is the friction slope in x direction, d is water depth (m), K f is the surface-water conductivity coefficient (m (1-β) day -1 ), and β and λ are exponents. Values of K f , β, and λ are usually determined through calibration. β depends on micro-topography as well as vegetation stem density distribution and a value of 3.0 is used in this study for the vegetated bed (Kadlec, 1990) . λ depends on flow regime, ranging between 0.5 and 1 (Kadlec and Knight, 1996) . We used λ = 0.8 following Bolster and Saiers (2002) , who modeled surface hydrology regime in a similar system in South Florida. We used K f = 3.8×10 7 , a lower value within the normal range of K f (Kadlec, 1990) . For wetland environments, with gentle ground-surface slopes, the acceleration terms in the momentum equations can be neglected (Bolster and Saiers, 2002) . Gravitational forces balance frictional forces and the friction slope can be expressed as:
where H is the hydraulic head (H = z + d, where z is the bedrock elevation of the upland matrix and d is the water depth; m), and s is distance in the downstream direction. When water depth varies between 0.1 and 0.5 m, with the parameter values we chose above, v s varies between 0.6 and 71.2 m day -1 , a range that captures a realistic flow regime in Big Cypress. Slp is the mean landscape relief (5 cm km
) describes the amount of water lost from the catchment (depression area included) via surface drainage in a day. Therefore, rate of drop in surface water table (V s_v 
ET occurs both in cypress depressions and in the upland matrix. Daily ET rate in depression patches (rET w ) and in pine tree upland patch (rET u ) are modeled as an exponential decline from potential ET (PET) (Laio et al., 2009) , assuming an exponential distribution of root biomass (Schenk and Jackson, 2002) :
where ( 1181 A SELF-ORGANIZED KARST BIOGEOMORPHIC LANDSCAPE pine tree uplands in the coastal plain of South Florida (Van Rees and Comerford, 1986) . To calculate RD c , the vertical distribution of root biomass density is simulated following Dong et al. (2018) :
where blm is belowground biomass (kg m -2 ; it is calculated from soil thickness as described in Appendix A), z s is soil thickness at a given location in a depression (cm), and z is the distance to soil-bedrock interface (cm). Parameter A controls the vertical distribution of root biomass, and for Big Cypress, a value of 0.02 is used . PET up is potential ET in the upland matrix, and is set at a constant of 0.9 m yr -1 (Shoemaker et al., 2011) , assuming no significant change of upland biomass over time. We set PET w to be κ times PET up . κ is determined by the biomass in cypress depressions. In the contemporary landscape, κ is~120% (Shoemaker et al., 2011) . κ(t) is therefore estimated by 1.2 multiplied by the ratio between geometric mean of aboveground biomass (represented by tree height) over an entire depression in the year t to geometric mean of aboveground biomass across a representative depression (radius = 50 m, depth in the center = 2 m, with soil thickness taking up 60% bedrock depth) in the contemporary time.
Biological processes and CO 2 production
Biological respiration provides an important CO 2 subsidy for chemical weathering. We consider two variables influencing root biomass: (1) inundation-period (Megonigal and Day, 1992) ; and (2) water depth (Harms et al., 1980) . Following Dong et al. (2018) , we did not explicitly model recruitment, growth, and mortality of trees; instead, total respirational CO 2 produced in soil is correlated to the aboveground biomass, which is a function of tree height. Tree height is estimated from thickness of soil cover with a logistic function parameterized by empirical data collected in Big Cypress (Appendix A):
where z s is the thickness of soil cover. a and b are parameterized by empirical data (Appendix A). H max is the maximum height of a cypress tree in the general case (H max = 30 m). Mortality of cypress is closely related to maximum water depth during inundation. Harms et al. (1980) found that mortality of cypress trees progressively increases as prevailing water depth exceeds 1.3 m. We construct a piecewise function to describe the detrimental effect of maximum water depth during inundation period on root biomass, parameterized by the empirical tree mortality and water depth relationship by Harms et al. (1980) : 
WD 90 (m) refers to the maximum water depth that lasts at least 90 days in a year. Inundation duration further influences root growth (therefore, influences CO 2 production). Continuously flooded cypress trees have low root-to-shoot ratios (Megonigal and Day, 1992) and shallow root systems and a hump-shaped relationship between root production and hydroperiod is established for cypress trees (a too short and a too long flooding period both inhibit growth) (Mitsch and Ewel, 1979; Day and Megonigal, 1993) . Based on these empirical studies, we prescribe a hump-shaped function to describe the modification of hydroperiod on root biomass:
where T in (day) is the number of days of inundation in a year. This gives a maximum growth (γ 2 > 0.9) when the inundation period is between 180 and 300 days in a year. The actual tree height H tr is therefore modified by these two hydrologic factors as H tr ×(1-γ 1 )×γ 2 . CO 2 production (P CO2 , g C m -2 yr -1
) is indirectly derived from tree height as detailed in Dong et al. (2018) (and also in Appendix A).
Soil accumulation
Four processes contribute to soil accumulation in cypress depressions: (1) accumulation of insoluble minerals from weathered bedrock, R dis ; (2) organic matter accrual (R OC ; e.g. leaf fall, roots); (3) organic matter loss in peat fires, R fire ; and (4) sediments moving from upland into the depression, q up . Daily soil elevation change (m day -1 ) is described as:
where z s is the thickness of soil cover and Z w is the bedrock elevation in a depression. Soil movement is simulated through an analogy with Fick's law of diffusion. Along the slope inside a depression, soil flux q s is proportional to the soil elevation gradient ∇(z s +Z w ):
K is linear diffusivity in soil creep, and we use a value of 2×10 -4 m 2 yr -1 (Martin and Church, 1997; Roering et al., 1999) . R dis is the rate of accumulation of insoluble minerals (m yr -1 ). In Big Cypress, limestone contains~10% insoluble minerals. Therefore,
R OC is the rate of organic matter accrual in depressions (m yr -1 ) and is described as:
where P OC is the annual organic matter production (kg m -2 yr -1 ), and ρ oc is the density of organic matter (kg m -3 ). Under the current vegetation and hydrologic state, organic matter accretion rate in the region is about 0.27-1.13 cm yr -1 (Reddy et al., 1993) . We assume that the current accretion rate of organic matter is correlated to current belowground biomass (estimated from soil thickness in Appendix A). We apply the same relationship over the course of depression evolution to estimate P OC .
R fire is the rate of reduction of organic matter by peat fires (m yr -1 ). In South Florida, cypress swamps have long hydroperiods that promote development of organic soils, but occasionally experience severe droughts that expose them to the occurrence of ground fire as frequently as every 100-150 years (Snyder, 1991 , about 1-5% of the organic matter cover (Watts, 2013) . In the model, we assume that during each peat fire event (occurring every~150 years), 3% of the existing organic matter is lost.
Sediments moving from upland matrix to depression occurs by entering from the edge of a depression. Therefore, q s is a boundary condition (positive direction: from edge of the depression to the center; m 2 day -1 ). q s is limited by total amount of sediments available on the upland (assuming zero sediment in the initial condition, and all the sediments in the upland are from insoluble minerals from upland weathering). The boundary on the edge of a depression is expressed as:
where V sup t ð Þ (m 3 ) is the total amount of sediments available on the upland matrix at time t. It is calculated assuming the remaining insoluble minerals (in Big Cypress,~10% of limestone) from upland bedrock weathering are the sole influx, and flux into depressions is the only export. r(t) is the radius of the depression at time t. In the very center of a depression, we assume it is flat, and the boundary condition is zero flux:
Bedrock weathering
Bedrock weathering occurs in both the upland and in depressions (Figure 2 ). The rate of chemical weathering is limited by CO 2 available at bedrock surface and the export of weathering products out of depressions. CO 2 generated by biological respiration is the major source of acidity for chemical weathering in Big Cypress . CO 2 available at bedrock surface is ultimately limited by two processes: the total amount of CO 2 generated by biological respiration in the root zone and the transport of CO 2 to bedrock surface from root zone (another part of CO 2 is transported upwards and is lost to the atmosphere). Weathering products can be exported from the bedrock surface via the lower boundary (to groundwater) and via the upper boundary (to surface flow). Of the CO 2 generated by biological respiration, only a fraction is transported to the bedrock surface for chemical weathering, and this fraction decreases as soil cover on bedrock thickens. Hydrological state of soils and the thickness of soil cover on bedrock are the two key variables determining CO 2 retention (defined as the ratio of CO 2 reaching bedrock surface for weathering to total amount of CO 2 produced in unit time) . Specific to conditions in Big Cypress, a function describing CO 2 retention (RET CO2 ) is extracted from results of a limestone weathering model developed by Dong et al. (2018) for Big Cypress as follows ( Figure S1 , Supplementary information): 
When the rate of chemical weathering is export limited (i.e. the amount of Ca 2+ released by CO 2 in a year > the amount of Ca 2+ that can be exported via groundwater and via surface flow), the total amount of calcite weathered in a year of an entire depression equals the capacity of the landscape to export Ca 2+ . ϑ is the position along the generatrix (total length = L) of a depression (thick gray line in Figure 2 ). Rate of mean annual weathering (m yr -1 ) at location ϑ is described by:
where P CO2 is the amount of CO 2 produced (kg CO 2 day -1 m ), calculated by groundwater discharge rate multiplied by the surface area of a depression below water table.
For chemical weathering in the upland matrix, we assume that subsurface water and surface flow moving out of the depression area is already saturated by dissolved calcium, without capacity for further weathering. The total weathering capacity of the upland is provided by dissolved CO 2 in rainfall in equilibrium with atmospheric CO 2 . Change of upland bedrock elevation Z up,t (m yr -1 ) is described by:
where [Ca] sat is the saturated concentration of dissolved calcium in solution in equilibrium with atmospheric CO 2 pressure, i.e.
[Ca] sat = 18.8 g m -3
, Q up is the amount of precipitation (m d -1 ) that falls on the upland matrix after losses by surface runoff to depressions, and S up is the total area of the upland matrix. If precipitation generates overland flow after filling up the porous zone in the upland limestone, the overland flow does not contribute to the weathering capacity of the upland, but to the weathering of depressions. We assume surface runoff to depression is rapid, providing no time for upland weathering. In this case, Q up equals the volume of the porous zone in the upland before precipitation occurs multiplied by time t (1 day). However, if precipitation is not sufficient to fill the upland porous zone, all precipitation contributes to Q up,t (that is, Q up,t = P x S up with no surface runoff to depressions).
The uncertainty associated with estimating export capacity is the calcium concentration in surface flow and in flow leaving w_lower in Equation (22)). Currently, calcium concentration within cypress depressions ranges between 29 and 109 mg L -1 across the landscape (n = 23), with mean = 56 mg L -1 (standard deviation = 16.7). Calcium concentration in the pore water at or near bedrock surface in depressions ranges between 52 and 288 mg L -1 (n = 24), with mean of 158 mg L -1 (standard deviation = 66.7). Over the course of the evolution of a cypress depression, we assume a linear relationship between calcium concentrations and the volume of biomass in the system. In the initial condition, biomass is zero and calcium concentration in exporting flows is in equilibrium with atmospheric CO 2 pressure; and with current biomass, calcium concentration in surface flow moving out of a depression is 56 mg L -1 and in groundwater is 158 mg L -1
. We evaluated the model sensitivity to the slope of this linear relationship (the concentration of calcium in flows exporting via surface drainage and via groundwater drainage). Choice of slope alters the duration of the episode of export limitation, but does not change the general pattern of dominance by reaction limitation overall ( Figure S2 ).
Model analysis
Analysis of steady state We analyzed the steady state of basin expansions by monitoring the growth of a depression over time and calculating its expansion rate in radius, depth, and volume. The steady state is reached, when the expansion rate reaches zero asymptotically (when the volume expansion rate is <10 -4 % every year). In practice, it is realized through the balance between reduction of the volume of depressions by upland weathering and increase of the volume of depressions by weathering inside depressions ( Figure S3 ).
Analysis of feedbacks
We assessed the relative strength of three feedback mechanisms by turning on or off the corresponding feedback, and running the model until the depression reaches steady state asymptotically. To eliminate the (1) ET feedback, we replace Equation (4) with rET w = rET up , which eliminates the ET differential between the uplands and the matrix. To eliminate the (2) soil cover feedback, we set CO 2 retention within the soil profile at a constant that equals the value at the initial condition, so that increasing thickness of soil cover has no effect on CO 2 delivery to the weathering front. We turn off the (3) biomass feedback by describing biomass only as a function of soil depth, eliminating the inhibition of vegetation by inundation period and maximum water depth during inundation. The effect of each feedback is analyzed by comparing the scenario of feedback off with the 'realistic' scenario, i.e. the scenario with all feedback mechanisms turned on.
Model execution
In forming limestone depressions, coalescence of neighboring depressions is a common phenomenon (Fookes and Hawkins, 1988; Waele et al., 2009) . We expect such a process to occur also in Big Cypress. The model however does not explicitly simulate the process of basin coalescing or the associated morphometric fusion. Instead, we represent the depression coalescence by using different radius values in the initial condition. We run nine different simulations, corresponding to nine initial values for radius of a depression: 0.2 m, 1 m, 2.5 m, 5 m, 10 m, 20 m, 30 m, 40 m, and 50 m. Each model run contains one depression and its associated catchment (assigned at R = 100 m), and if expansion of the depression reaches the edge of the catchment, the model is terminated (this did not happen when a realistic set of parameter values was used). In the model, the flat horizontal surface surrounding the depression is defined as 'upland (matrix)' and the surface that deviates below the upland makes up a 'depression' (Figure 2 ; Figure S3 ). The initial depth of a depression is set at 0.1 m. The initial soil cover is zero on the upland catchment. Inside the limestone pit, it is 30% of the bedrock depth (depth relative to upland elevation). We explore three scenarios of interest: (1) precipitation regime (+/-20% of current annual precipitation); (2) the radius of upland catchment (increase to 150 m and decrease to 80 m from the default 100 m); and (3) rates of groundwater drainage (increase to 0.6 m yr -1 and decrease to 0 from the default 0.2 m yr -1 ).
Results
Geomorphic evolution of cypress depressions
According to model results, cypress depressions will continue to grow in both radius and depth over time, to sizes much greater than are found in the contemporary landscape (Figure 3) . Over time, the area of cypress depressions will become~60% of the entire landscape as the landscape approaches an equilibrium state (when radius, depth, and volume no longer change or change at a negligible rate under current climate conditions). The size of depressions will eventually stabilize ( Figure 3) . The system reaches equilibrium state after about 0.2-0.4 million years from initiation, when the radius approaches 80 m and the bedrock depth in the depression center approaches 7.5 m (Figure 3(A)-(B) ). Under the current precipitation regime and with depressions at their eventual steady state dimensions, the number of days when the whole landscape is inundated by overland flow will be reduced tõ 80 days in a year.
The model results are not consistent with the hypothesis that each cypress basin in Big Cypress is grown entirely from one small dissolution pit. Without expansion of basin radius by coalescence of multiple small depressions, the radius would only have reached the order of meters (or less) since initiation of the landscape in the early Holocene (Figure 3(A) ), while currently the radius of cypress depressions in Big Cypress is about 50-70 m. The expansion in the radius of depression continues to decline over time and drops tõ 3.2 cm kyr -1 in 0.2 million from present, i.e. an increase in the radius by 4.0×10 -5 % per year. Vertical expansion of depressions at first increases (from 7.5 to 45 cm kyr Figure 4 (C)). The maximum rate of depth increase occurs around 15 000 yr from the start of landscape development -that is about 6 kyr from present (Figure 3(E) ). The equilibrium depth is about 7.5 m in the center of a depression, which will be reached in about 0.4 million years from today (currently 1.5-2 m deep, and it will be 6 m deep in~0.1 million years from present) (Figure 3(A)-(B) ). The decline in the expansion rate over time in vertical dimension is much more drastic (three orders of magnitude; Figure 3 (E)) than the decline in lateral dimension (one order of magnitude; Figure 3(D) ).
Feedbacks
The rate of volume expansion first increases as the volume of a depression increases, and then decreases (Figure 4(A) ), indicating a shift in the relative importance of positive feedbacks in small depressions and negative feedbacks for larger depressions. After depressions are large (> 10 4 m 3 ), the soil feedback imposes the strongest negative effect on stabilizing depression size, followed by the biomass feedback. The difference in ET rate between depression area and upland matrix is also a negative feedback, but of very weak strength (Figure 4(A) ). Under the realistic scenario, the equilibrium depression volume is 6.4 × 10 4 m 3 . With biomass feedback turned off (i.e. eliminating the negative effect of hydrology on biomass accrual in depressions), the equilibrium size is~20% greater. When the soil cover feedback is turned off (i.e. CO 2 retention does not decline with thickness of soil cover on limestone bedrock), the depression volume at equilibrium state increases by~300%. Lastly, turning off ET feedback only increases the volume at steady state about~6%.
Expansion in volume of depressions leads to decline in the weathering rate of upland matrix (Figure 4(C) ). The strength of this distal negative feedback is influenced by catchment area, with a stronger negative effect when the catchment area is smaller (Figure 4(B) ). The stable steady state of basin depth is reached when the weathering rate of upland matrix equals that of depressions (Figure 4(C) ). Such a steady state exists even though model runs did not reach steady state after 0.4 million years (the expansion in both radius and depths becomes extremely slow).
Throughout landscape development (over 0.4 million years modeled period), bedrock weathering is mostly reactionlimited, i.e. supply of CO 2 < export capacity of Ca 2+ . Given the assumed initial conditions, only during the period between 13 kyr and 16 kyr (corresponding to the period of peak weathering rate in the course of landscape evolution) since landscape initiation is the weathering rate export limited (when export capacity is~80% of the capacity needed to export available weathered Ca 2+ ; Figure S2 ). However, the absolute duration of export limitation is sensitive to the calcium concentration in the flow to groundwater and to surface flow set in the model. Slightly lower export concentrations than used in our simulations would result in transport limitation throughout the initial period of basin expansion, up to and potentially well beyond the current size of depressions. Regardless of the choice of concentrations, export of weathering products is largely reaction limited over the entire timespan required to reach landform equilibrium ( Figure S2 ). The balance of reaction and transport processes is also sensitive to feedbacks. Turning off the biomass feedback, export limitation lasts between 8 kyr and 1.3 kyr after landscape initiation, during which reaction capacity is 210% of export capacity. With CO 2 feedback turned off, during half of the 0.2 million years modeled, landscape weathering is export limited, and the reaction capacity exceeds export capacity by 350% at maximum. 
Model analysis
Changing the precipitation regime, catchment size, and regional groundwater discharge rate do not preventing depressions from reaching equilibrium. However, they change the time required to reach equilibrium and the equilibrium size. Increase in annual precipitation or increase in catchment size can both increase the depression size at equilibrium ( Figure 5) .
We find that increasing the rate of groundwater discharge from 0.2 m yr -1 to 0.6 m yr -1 or decreasing the discharge to 0 both reduce the rate of depression volume expansion. However, the net effect of reducing discharge from 0.2 m yr -1 to 0 is much greater than tripling the discharge rate ( Figure 5 ).
Discussion
In this study, we modeled multiple mechanisms that influence the development of cypress depressions in a low relief karst landscape in South Florida. We found strong evidence that a suite of local positive feedbacks favors relatively rapid expansion of depressions; however, we also found that expansion rates are insufficient to account for the current size (radius) of depressions in the patterned Big Cypress landscape, given the known time scale of their development. This suggests that depressions may have grown to their current size through coalescence rather than strictly by expansion. Consistent with the hypothesis that depressions inhibit weathering of near neighbors more strongly than distant ones, we found that the inhibitory effect of depressions on upland weathering rate decreased with catchment size (Figure 4(B) ). The regular patterning of wetland depressions may arise from scale dependent feedbacks of weathering rate as groups of rapidly coalescing depressions compete for runoff. A model that more explicitly represents these spatial processes would increase our confidence in these inferences.
Our model indicates that the sizes and weathering rates in cypress depressions are not in equilibrium with upland weathering rates. The eventual equilibrium depth of depressions under conditions that prevail in Big Cypress is~2-3 times their current depth. Of the potential negative feedbacks that might stabilize depression size, we found that the inhibitory effect of soil deepening on CO 2 transport, and the loss of vegetation due to impoundment contributed most strongly to reducing the future rate of wetland expansion. In contrast, growth of landscape ET with expansion of depressions had a relatively minor effect on the relationship between weathering rates and depression size. We suggest that the Big Cypress landscape is a useful laboratory for understanding ecomorphodynamic and ecohydrologic feedbacks. Extending this understanding and approach to different climatic and geologic settings may help better explain the evolution of biogeomorphic landscapes.
Evolution of cypress depressions
Cypress depressions in South Florida represent a distinctive feature generated by ecohydrologic feedbacks between biology, hydrology, and morphological changes by chemical weathering of limestone bedrock. The self-organization of the landform has coincided with the history of regional climate. Triggered by the onset of a modern precipitation pattern in low-latitude regions, a major shift in vegetation pattern occurred in South Florida during the early Holocene (Watts and Hansen, 1994; Donders et al., 2005) . Pollen records show that around that time, Pinus cf. elliottii was gradually replaced by more inundation-tolerating Taxodium sp. in Big Cypress, which eventually became dominant (Donders et al., 2005) . The estimated age of the Big Cypress landscape (i.e. 7000-8000 years; Chamberlin et al., 2018; Dong et al., 2018) is slightly older than the arrival of cypress trees. This suggests that although most limestone weathering likely occurred during the cypress-dominated period when the climate was wet, the formation of depressions could have started before that, albeit at a very slow rate.
Ecohydrologic feedbacks not only control the rate but also the trajectory of landscape evolution. In our study, expansion of depressions at the early stage of landscape development is highly auto-catalytic (i.e. positive feedback; Figure 4(A) ). In both absolute and relative terms, expansion of depressions accelerates radially and vertically for a period of approximately 10 000 years under conditions that prevail in Big Cypress. Vertical expansion decelerates rapidly after achieving a depth of 3 m (Figure 3(E) ), but radial expansion decelerates slowly over a much longer period (Figure 3(D) ). The absolute rates in lateral and vertical expansion are of similar magnitude at a given depression volume during this initial expansion in the model. This symmetry of weathering would lead to spherical depressions, but existing Big Cypress depressions are orders of magnitude wider than deep. We thus infer that expansion of depression radius likely occurs through coalescence of neighboring small depressions in the early stage of landscape development. While our model did not explicitly simulate depression coalescence and we do not have direct evidence supporting this hypothesis, karst features developing via coalescences is a common phenomenon (Waele et al., 2009) . Moreover, without basin coalescence, the radius-depth ratio would imply that the mean weathering rate on the edge of a depression is about 25-45 times that in the center of depressions. In the present landscape, depression centers have longer hydroperiods, deeper soils near the optimal depth for weathering, and higher biomass compared with the edge of depressions, all of which suggest that the opposite is more likely. The overall positive feedback that drives initial basin expansion involves many more mechanisms than the classic karstification feedback between flow concentration and weathering rate (Sauro, 2012) . These mechanisms are closely mediated by hydrological processes through their effect on vegetation growth and weathering. Increased capture of surface runoff by depressions improves hydrologic condition for plant growth, which enhances supply of CO 2 . Extended periods of inundation also reduce atmospheric CO 2 loss, which increases the proportion of biogenic CO 2 retained for weathering . Moreover, accelerated weathering and greater biomass contribute to sediment accumulation and soil development in depressions, facilitating further vegetation establishment -a positive feedback at relatively shallow soil depths (Figure 4(A) ). Further expansion in volume however limits net CO 2 available for weathering at the bedrock surface by limiting biomass accrual (as a consequence of water deepening and extended inundation; i.e. a biomass feedback), and reducing CO 2 retention (as a consequence of soil thickening; i.e., a soil cover feedback). Eventually, volume expansion feeds back to reduce the rate of volume expansion -a negative feedback (Figure 4 ). Such self-limiting feedbacks with initial positive feedbacks have also been reported in other cases of karst biogeomorphic evolution, such as epikarst weathering and soil deepening by tree roots (Phillips, 2018) . In Big Cypress, the soil cover feedback is stronger than the biomass feedback in stabilizing depression expansion, followed by ET feedback, which provides a very weak negative feedback (Figure 4) . Originally, we hypothesized that as cypress depressions expand in volume, the landscape increases the fraction of water lost to ET, which reduces water loss via surface and groundwater drainage, and hence, lowers capacity to export weathering products. In part, the effectiveness of the volume expansion feedback is due to the loss of water from depressions via ET. However, the modest (20%) differences in ET between the uplands and depressions limit the strength of this direct ET feedback. Moreover, the weathering rate in Big Cypress may be reaction limited under current discharge-concentration relationships; hence, the ET feedback, while negative, is weak.
Model results suggest that the depressions in the Big Cypress landscape are far from equilibrium, and that depressions will continue to grow (albeit slowly) and eventually stabilize as large (~80 m radius), relatively deep (~7.5 m) depressions (Figure 3) . We do not have direct measurements from the field of the weathering rate and direct assessment of changes of depression volume is not feasible at the time scale of a few years. However, dissolved CO 2 concentration can be used to infer weathering rate. Dissolved CO 2 concentration is about 3-4 times higher in the center of a depression (~6100 ppm) than that on the upland matrix (~1500 ppm), indicative of the much higher weathering capacity of depressions than uplands (data not published). Therefore, it is highly likely that current depressions in Big Cypress are still expanding in size.
As cypress depressions expand, their size eventually limits the growth and recruitment of cypress trees, as the water depth in the center of the depression is too deep for both processes. It is reasonable to predict that cypress 'domes' will become open water 'lakes' with cypress trees (or other riparian trees such as willows, observed in some domes on the current landscape) growing on the edge of the lake, as the landscape continues to evolve. In fact, in a few large cypress domes, the center has already converted to open water, with dead cypress tree logs, likely caused by large water depths and year-long inundation.
While the expansion of individual depressions to their steady state will not change the landscape spatial pattern (i.e. spatial arrangement of depressions), it will have significant ecological consequences. Continued expansion and deepening of cypress depression will alter the duration of inundation, the spatial distribution of water depth, and the connectivity among depressions, all of which will substantially modify the habitat for the large number of species (e.g. wading birds, reptile, fish, plant community) residing on this landscape. Many of these taxa are very sensitive to slight changes in water depth and/or hydro-period (Bancroft et al., 2002; Sklar et al., 2002) .
Long before the system reaches its morphometric equilibrium, the Big Cypress landscape is likely to be inundated by ocean water. The elevation of Big Cypress National Preserve is only~1-4 m above current sea level, and past and future variations in sea level are much greater at the time scale of a million years. Therefore, the ecological consequences of changes in depression may not be meaningful taking into consideration future changes in sea level. In addition, the model assumed a constant contemporary climate regime (precipitation and temperature) into the future 0.4 million years. Changes in precipitation and temperature would alter the rate of chemical weathering, hence, the rate of landscape evolution and the steady-state size of depressions (Figure 4) . Interestingly, the transient exposure and inundation of coastal karst landforms may leave a signature of depression development in shallow seas. Regularly patterned limestone depressions have been found on the seafloor in other places around the world, e.g. Red Sea and Arabian Gulf (Purkis et al., 2010) . Those reticulated depressions are reported to form when sea level was lower and the sea floor was exposed, and the dissolution of the pattern initiated quickly at the onset of the Holocene wet phase (Purkis et al., 2010) . Big Cypress may also become one of these patterned limestone depressions under sea in the near future, with continued climate change.
Feedbacks in biogeomorphic landscapes
Geomorphic and biological processes in a landscape have been largely conceptualized as independent, and reciprocal interactions between the two have been only recently acknowledged (Swanson et al., 1988; Bendix and Hupp, 2000; Stallins, 2006; Murray et al., 2008; Hupp et al., 2016; Phillips, 2016b) . It is increasingly recognized that for some systems, broad scale landscape topography arises from feedbacks between geomorphic and ecological processes, i.e. biogeomorphic feedbacks. The strength of biogeomorphic feedbacks in shaping landforms varies among systems, ranging from weak indirect impacts to strong direct impacts (e.g. landforms as extended phenotypes; Phillips, 2016b) . At one extreme, landscape topography could be controlled directly by biological behaviors, coupled with geomorphic processes. For instance, evenly spaced termite mounds in semi-arid savanna result from interaction between territorial behavior of termites and scale-dependent feedbacks mediated by water use efficiency (Bonachela et al., 2015; Pringle and Tarnita, 2017) . More commonly, biogeomorphic feedbacks manifest in the form of vegetation interacting with sediment transport, erosion, and weathering (Baas, 2002; Gurnell et al., 2005; Murray et al., 2008) . For example, in fluvial landscapes, the emergence of vascular plants during the late Silurian and Devonian periods instigated a shift from rivers with wide sand-beds to channelized meandering rivers with muddy floodplains, as a result of roots stabilizing the banks of rivers and streams (Murray and Paola, 2003; Tal et al., 2004; Gibling and Davis, 2012) . Recently, Schwarz et al. (2018) showed that plant life-history traits 1187 A SELF-ORGANIZED KARST BIOGEOMORPHIC LANDSCAPE can influence the evolution of coastal wetland landscapes, with fast colonizers facilitating the stabilization of existing channels and consolidating the current landform, while slow colonizers favor the formation of new channels and further landscape self-organization.
Here, we provide a case study of vegetation via biogeomorphic feedbacks creating limestone depressions across a flat landscape by accelerating chemical weathering of bedrock -i.e. karst biogeomorphology. A significant role for biota -particularly the role of biogenic CO 2 in accelerating limestone weathering -has long been recognized in karst landforms (Viles, 1984; Jennings, 1985; Ford and Williams, 2007) . In Big Cypress, CO 2 subsidies from root and soil respiration accelerated weathering rate by~20-fold -that is, without the acidity provided by biological respiration, the system would have looked like a limestone pavement with pits 10 cm deep.
The strength of the feedbacks we identify is likely to vary among karst landforms in different regions, resulting in a wide range of variations in karst morphology. In Big Cypress, reduction of respirational CO 2 and its retention imposes a strong negative effect on the size of depressions (Figure 4(A) ). When weathering rate in depressions equals that in the upland, the depth of depressions reaches a stable steady state (Figure 4(C) ). The equilibrium size is therefore determined by the rate at which the weathering rate declines with increase in volume and the rate of upland weathering. Many factors could therefore shift the location of equilibrium by affecting one or both of these two factors. In the coastal Yucatan (Mexico) sinkholes, the land surface sits higher above sea level, so that vertical drainage is less restricted than in Big Cypress. Moreover, a high concentration of H 2 S is observed in the water of cenotes as a consequence of the reduction of the accumulated organic matter (Stoessell et al., 1993) . As a consequence, neither the volume feedback nor the negative CO 2 feedback is effective and sinkholes in Yucatan reach > 100 m depth (Schmitter-Soto et al., 2002) . Precipitation also plays a role in constraining landform ( Figure 5 ). With everything else being equal, higher precipitation moves equilibrium size to a larger value by slowing down the rate of decline of weathering rate in depressions ( Figure 4(C) ; Figure 5 ). This may partly explain why labyrinth and associated tower karst are more common in humid tropical than in dry regions (Brook and Ford, 1978) .
The local positive feedback between volume and the expansion of volume in the initial stage of rapid depression expansions generates distal negative feedbacks inhibiting the weathering of the associated catchment (Figure 4 ) and the capture of water by neighboring depressions (i.e. competition among depressions for water). The distal negative feedbacks become stronger as depressions expand and the area of associated catchment decreases (Figure 4(B) ). Such scale-dependent feedbacks -local positive and long-distance negative feedback -likely contributed to the regular patterning of depressions in Big Cypress (Watts et al., 2014) , as it has in many other places (Rietkerk et al., 2004) . Interestingly, while the spatial arrangement of cypress depressions at the landscape scale are already strikingly regular (Watts et al., 2014) , indicating the completion of landscape self-organization, its componentsthe individual depressions -are not in equilibrium yet, according to our model (Figure 2 ). This suggests a decoupling of landscape-scale self-organization and the self-organizing of its constituent agents. Such independence of the dynamics at the landscape scale and at the constituent agent scale is also observed in other self-organized landscapes. For example, fairy circles (nearly circular barren patches within a sparse matrix of small short-lived grass species) in Namibia have a life history of birth, maturation, and death (become revegetated) over about 41-yr cycle, while at the landscape scale, the spatial arrangement of these bare patches remains regularlyspaced (Tschinkel, 2012) . Our ability to link landscape and patch equilibria is admittedly limited to date, because our model simulated the dynamics of one depression and the catchment in which it is imbedded. A landscape-scale model that explicitly captures the interactions among multiple depressions and catchments is needed as a formal test of mechanisms giving rise to spatial overdispersion of cypress depressions across the landscape, and its relation to the dynamics of individual basins.
Conclusion
Multiple ecohydrologic feedbacks mediate the expansion of cypress depression on a limestone landscape in South Florida. These feedbacks were initially positive with expansion of depressions resulting in accelerating volume expansion. However, as depressions become larger, the percentage of CO 2 reaching bedrock for weathering decreased rapidly, deep water in depressions become unfavorable for riparian tree growth, and the capacity to export weathering products declined. These factors ultimately stabilize the size of depressions. Model results suggest that cypress depressions are not yet in steady state and would continue to expand for a long time (at least 0.2 million years, if environmental conditions were to remain constant). However, at such a large time scale, any ecological consequences caused by changes in depressions will likely be moot given the much greater impacts of climate changes and sea-level rise. Table S1 . Description of variables used in the model and their values. Figure S1 . CO 2 retention as a function soil thickness on bedrock in two different hydrological states from the limestone weathering model by Dong et al. (in press) parameterized for conditions in Big Cypress National Preserve, South Florida. The two hydrologic states are: (1) inundated soil: when soil profile is completely inundated by surface flow across a whole year; (2) exposed soil: the initial condition of soils is completely saturated soil, but without surface flow cover. Soil moisture declines over time. '+' are model outputs under these two hydrologic states. Lines represent the best fit exponential decay curves. For inundated soil, it is y ¼ 
